ABSTRACT duction. The model was developed and verified using field data from irrigated commercial cotton fields in the values that minimizes the error between simulated leaf Digital photographs (Fig. 1 ) of each plot were taken on area and values of leaf area obtained from remote sensdays when field sampling was done using a digital camera
MATERIALS AND METHODS corresponding measurements under irrigated conditions. The new
Field Data model not only has simple input requirements but is also easy to use. Thus, it promises to have applicability to be expanded to other semi-
Model Development and Verification arid regions for irrigated cotton production and to have applicability
Cotton field data to develop and verify the model were colto regional cotton growth monitoring and lint yield mapping projects.
lected from farmers' fields in the Texas High Plains during the summer of 2002. Three cotton fields were selected (referred to as #26, #28, and #33) for this study. They were circular with R emote sensing and modeling are different techabout 45 ha for each. The latitude and longitude of each field niques useful for the evaluation of crop growth were 34Њ2Ј41″ N, 102Њ2Ј18″ W for #26; 34Њ4Ј6″ N, 102Њ11Ј10″ W and yield (Maas, 1992) . Remote sensing imagery can for #28; and 34Њ11Ј31″ N, 102Њ1Ј16″ W for #33. The soils were provide information for almost any spot on the earth's may make up for weaknesses in the other (Maas, 1992 (Maas, 1992) .
(Adobe Photoshop 7.0, Adobe Systems Inc., San Jose, CA).
The objective of this study was to extend the applicaTo calculate GC, the digital image was cropped using the bility of GRAMI to simulation for irrigated cotton pro- Howell and Musick (1985) and higher than the values of 1.3 g 101Њ56Ј W) near Lamesa, TX (Li et al., 2001; Bronson et al., MJ Ϫ1 for Tamcot and 1.5 g MJ Ϫ1 for Acala reported by Rosen-2003) . The other data sets were collected in 2002 thal and Gerik (1991 . However, it is within the range (2.0-2.3 from the field of the USDA-ARS Plant Stress and Water MJ Ϫ1 ) for common C 3 plants described by Gallagher and Conservation Laboratory at Lubbock, TX (Wanjura et al., Biscoe (1978) . Absorption of PAR is calculated as: 2004). The soils of both sites were Amarillo sandy loams.
[3] Lubbock. Edwards et al., 1986) . The value for ␤ is 0.45 (Monteith and Irrigation was applied using a LEPA irrigation system at LaUnsworth, 1990 ). According to the relationship between the mesa and a subsurface drip irrigation system at Lubbock. measured GC and LAI data from the three fields, the cotton canopy covered ≈90% of the fields when it reached the maximum LAI (Fig. 3) . The k value was estimated according to
Model Formulation
the relationships between the proportion of the daily light The four processes (Fig. 2) involved in simulating daily energy intercepted by a crop canopy (Q 0 ϭ 1 Ϫ e
Ϫk·LAI
) and cotton crop growth were (i) calculation of growing degree k values (Fig. 4A) , assuming that the Q 0 values agree with days (GDD), (ii) absorption of incident radiation energy by cotton canopies of the measured fields at ≈0.9 when LAI leaves, (iii) production of new dry mass by the leaf canopy peaks. The natural logarithm of the proportion of the incident and determination of boll production, and (iv) determination of LAI partitioning of new dry mass. In this section, the mathematical equations to estimate these processes are described.
The accumulation of GDD is calculated as follows:
where ⌬D is the daily change of GDD, T is the average daily air temperature (ЊC), and T b is a base temperature specific to a crop species. The value for T b is 15.6ЊC (Wanjura and Supak, 1985) . The value for ⌬D is zero when T is less than or equal to T b . The daily increase in AGDM is calculated as:
where ⌬M is the daily increase in AGDM, ε is the radiation use efficiency (RUE) value specific for a given crop, and Q is the daily total PAR (MJ m Ϫ2 ) absorbed by the crop canopy (Rosenthal et al., 1989; Jones and Kiniry, 1986; CharlesEdwards et al., 1986) . The RUE (ε) was estimated as the slope of the regression equation between the amount of dry matter produced and the amount of light energy absorbed over a given time period (Charles-Edwards, 1982; Rosenthal and data from three fields (#26, #28, and #33) is the estimated before maximum LAI, and filled circles are data points at and cotton ε of 2.3 g MJ Ϫ1 (Ko, 2004 the value of 2.55 g MJ Ϫ1 for irrigated Acala SJ-2 reported by 1993a). This function reduces the partitioning of new dry mass to leaves as the plant approaches the reproductive phase. The leaf senescence used in the model was formulated to describe the loss of leaf area based on environmental conditions. Leaf senescence (L s , m 2 m Ϫ2 ) in the model is determined using the equation:
where c is the parameter that controls LAI curve after maximum LAI and ⌬M R is daily maintenance respiration requirement converted to biomass, calculated using the equation:
where M is total AGDM. In the model, an amount of LAI for growth of existing tissues. The daily increase in boll number (⌬B) used in this version of the model depends on accumulated GDD and LAI and is light transmitted to the ground beneath the crop canopy, calculated with the following equation: ln(1 Ϫ Q 0 ), was linearly related to LAI at the k value of 0.9
( Fig. 4B ) in the same way described by Charles-Edwards et al. (1986) . Therefore, the value of k was estimated as 0.9 (Ko, where ␥ is a fraction of boll production, D is accumulated 2004). The k value is slightly higher than the values reported GDD, and ⌬f is daily boll production efficiency affected by by Rosenthal and Gerik (1991) and by Steglich et al. (2000) .
LAI. It is assumed that cotton boll numbers increase linearly However, it is in agreement with the range of k value for the depending on accumulated GDD and canopy growth. The ␥ plants with horizontal leaves hypothesized by Rosenberg et value was estimated using data from Field #26 as the slope of al. (1983) .
the increase in boll numbers versus accumulated GDD. The The daily LAI increase (⌬L) with new leaf growth is calcuvalue of ␥ is 0.57 GDD Ϫ1 m Ϫ2 (Ko, 2004) . The corresponding lated as follows:
value was used as fruiting site production rate (FSPR) in the COTTAM model, which was 0.013 site 0.5 GDD Ϫ1 plant Ϫ1 for
Paymaster based on the T b of 12ЊC (Jackson et al., 1988) . It where ⌬M is the daily increase in AGDM from Eq. [2], P 1 is is assumed that cotton boll numbers increase linearly dethe fraction of ⌬M partitioned to new leaves, and S is the pending on accumulated GDD and/or canopy growth. The ⌬f specific leaf area (SLA) of the leaf tissues (Maas, 1993a) . The is calculated by the equation: SLA was determined from the relations between leaf dry ⌬f ϭ (⌬L/⌬G)/ [9] weight and LAI (Reddy et al., 1989; Rhoads and Bloodworth, 1964) . The slope of the linear equation obtained with data where is a parameter that affects daily boll production and from Field #26, #28, and #33 is an estimate of SLA, which is ⌬L/⌬G is the rate of LAI increase per accumulated GDD. 0.01 m 2 g Ϫ1 (Ko, 2004) . The value is slightly lower than the The value was estimated using data from Field #28 as the values (0.014-0.027 m 2 g Ϫ1 ) reported from previous studies slope of the increase in LAI versus accumulated GDD. The (Reddy et al., 1989; Rhoads and Bloodworth, 1964) . The divalue of is 0.0058 GDD Ϫ1 (Ko, 2004) . mensionless leaf-partitioning fraction (P 1 ) is calculated using The proposed cotton model uses the same within-season the equation: calibration procedures (Fig. 5 ) used in GRAMI, in which the simulated crop growth is compared with measured values. If
the simulated values do not agree with the measured ones, an iterative numerical process is used to manipulate parameter where a and b are parameters that control the magnitude and shape of the function and D is the cumulative GDD (Maas, values to improve agreement between the simulation and the vations of remote sensing. Leaf area index or canopy GC of cotton can be estimated from remotely sensed scene reflectance obtained from a hand-held remote sensor (Maas, 1998) and from satellite data (Maas, 2000) using a linear mixture modeling approach. However, LAI estimation from plant sampling represents crop growths of experimental plots better than that from remotely sensed scene reflectance. Leaf area index data from plant sampling rather than remote sensing data was used in the model. The results demonstrated that the model was able to reproduce the field observations of LAI and AGDM with reasonable accuracy (Fig. 6 ). While there were model used in this study assumes that environmental and genetic factors affecting crop growth are expressed in the growth of the crop canopy. The GRAMI model measurements. The details of these procedures have been (Maas, 1992 (Maas, , 1993a (Maas, , 1993b demonstrated that the asdiscussed by Maas (1993b) . in reasonable agreement with measured values for the three fields using the model (Fig. 7) . These results indicated that the model appeared capable of reproducing
RESULTS AND DISCUSSION
irrigated cotton growth and yield over the growing
Verification
season. The cotton model was used to simulate cotton growth and yield for the field data set used in model developValidation ment. This was done to verify the performance of the The accuracy of the model was tested using the indemodel for the development data set. Field observations of LAI were used to calibrate the model rather than obserpendent data sets obtained at Lamesa and Lubbock. 
kg ha
Ϫ1 for the 2001 data at Lamesa and 12.6 kg ha
Ϫ1
The simulated LAI curves were fit through the observafor the 2002 data and 11.3 kg ha Ϫ1 for the 2004 data tions in a reasonable manner (Fig. 8 and 9 calibrating the model may be obtained through remote Simulated lint yields agreed with measured values sensing observations, it is potentially applicable for rewith an r 2 value of 0.61 and an RMSE of 115.8 for both gional cotton growth monitoring and yield-mapping sites (Fig. 10) 
